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INTRODUCTION

Oxidation of CO to CO; is an important reaction technologically and environmentally and a
complex and interesting reaction scientifically. In most cases, the reaction is carried out in order to
remove CO as an environmental hazard. A major application of heterogeneous catalysts is catalytic
oxidation of CO in the exhaust of combustion devices. The reaction over catalysts in exhaust gas
is fast and often mass-transfer-limited since exhaust gases are hot and 07/CO ratios are high. The
main challenges to catalyst designers are to control thermal sintering and chemical poisoning of the
active materials.

In the application discussed in these proceedings, sealed CO; lasers, CO oxidation is carried
out in order to recombine CO and O formed by dissociation of CO2 in the laser discharge zone.
This application differs from exhaust clean-up in ways that present completely different challenges
to designers of CO oxidation catalysts. Gas temperatures in lasers must be held low, in the range
0°C + 40°C, in order to minimize power consumption and to keep the gas cool in the laser
discharge volume. O2/CO ratios are stoichiometric or less since these species are formed by CO2
dissociation and some oxygen may be consumed in other reactions. Additional O cannot be added
to facilitate CO oxidation because the laser discharge is degraded by O2.

Conventional catalysts are not active at low temperatures and low O/CO ratios. Over
conventional noble-metal catalysts, CO and O, compete for the same adsorption sites on the metal
surface. At low temperatures and low Op/CO ratios, adsorbed CO blankets the active surface of
the noble metal and prevents O adsorption and reaction. Over conventional base-metal-oxide
catalysts, oxygen is held too strongly for it to be removed by CO at low temperatures.

Currently, P/SnO; and related materials are the most promising catalysts for use in sealed
CO; lasers. Stark and Harris [1] reported significant reaction rates over Pt/SnO; and Pd/SnQO; at
temperatures as low as —27°C, conditions under which conventional catalysts are inactive. This
report reviews work in the literature on Pt/SnO2 and related materials. Contained in this report are
citations to references 1 through 161.

When Pt and Pd are used in conventional noble-metal CO oxidation catalysts, they are
usually dispersed over Al2O3. AloO3 does not participate in CO oxidation and serves as an inert
support that maintains high noble-metal dispersions. CO adsorbed on the noble metal strongly
inhibits O2 adsorption and, thus, the reaction. In contrast, Bond and coworkers [2,3]
demonstrated that SnO» interacts synergistically with the noble metal to produce a catalytic activity
that is substantially higher than either component separately. Since CO and O3 have to compete for
the same surface sites over noble metals, it is likely that the mixture of the two components in the
composite NMRO material provides separate sites for CO and O adsorption: CO adsorbed on the
metal can react with oxygen held by the SnOz. While this hypothesis is probably part of the full
explanation, experimental evidence for Pt-Sn metal alloy formation [4] and the sensitivity of the
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catalysts to HyO [5,76], suggest that much remains to be learned about low temperature CO
oxidation over Pt/SnO; and related materials. How Pt/SnO3 works and how more active and
stable materials can be synthesized remain open questions.

David Schryer at NASA's Langley Research Center coined the phrase "noble-metal
reducible-oxide" and acronym "NMROQ" to refer to Pt/SnO; and related materials. The terms
highlight the ease with which SnO; can be reduced by CO and Hj relative to refractory oxides such
as Al203. As intended by this author, Schryer, and coworkers, the class of NMRO materials
includes a wide range of materials in applications beyond sealed CO» lasers. The class typically
consists of a zero-valent metal dispersed over or inter-mixed with a metal oxide that can be reduced
to some extent under reaction or pretreatment conditions. Depending on conditions, any of the
Group VIIIA and IB elements may serve as the "noble metal.” The class also includes materials in
which the noble metal is oxidized under some conditions, materials in which some of the metal
oxide may become completely reduced to the parent metal under some conditions, and complex
materials composed of more than a single metal and a single oxide.

NMRO materials often exhibit "strong metal-support interactions,” or "SMSI" behavior,
using terminology introduced in the late 1970's by Tauster and coworkers [6, 7]. They applied the
term SMSI to refer to behavior exhibited by Pt-group metals dispersed over TiO» following high
temperature reduction in Ha. Subsequent work, which was reviewed by Vannice at the
NASA/RSRE COj Laser Conference in 1986 [8], has shown that SMSI behavior is due to
interaction of partially reduced titania ("TiOx") species interacting with the noble metal. Thus,
TiO2 is a "reducible oxide" and Py/TiO; and Rh/TiO; are NMRO materials. Relative to SMSI, the
acronym NMRO is more specific in the sense that it refers to interactions only between zero-valent
metals and reducible oxides and not between metals and other types of supports. Relative to
SMSI, the acronym NMRO is more general in the sense that it refers to a material itself rather than
a particular behavior of the material. The term NMRO is also more general in the sense that it
includes systems where the reducible oxide does not “support” the metal, for example, materials
with high metal-oxide ratios in bulk form or dispersed over an inert support.

NMRO materials have many important applications, as the examples in Tables 1 through 11
demonstrate. Many of the applications involve oxidation or reduction reactions which involve
transfer of oxygen atoms. In a noncatalytic application, P/SnO2 and other materials serve as gas
detectors (Table 1). Reducing gases such as CO chemisorb on the metal, reduce the oxide in a
stoichiometric reaction, and change the electrical characteristics of the oxide, providing the sensor
signal. NMRO materials catalyze CO oxidation in many types of applications (Table 2), and CO,
H2 and hydrocarbon oxidation and NO reduction in automotive "three-way" catalysts (Table 3).
Hydrocarbons can be completely oxidized in catalytic heaters (Table 4) or partially oxidized over
NMRO materials (Table 5). CO; and CO can be hydrogenated over NMRO catalysts to form
methane and higher hydrocarbons in Fischer-Tropsch processes (Tables 6 and 7). Methanol and
other oxygenated products can also be formed during CO hydrogenation (Table 8). In reactions
not involving oxygen transfer, NMRO materials catalyze reforming reactions of hydrocarbons
(Table 9). NMRO materials also serve as catalytic electrodes in electrochemical processes and
catalyze photochemical processes (Table 10). Miscellaneous applications are listed in Table 11.

An essential aspect of NMRO materials of interest here is that the combination of noble metal
and reducible oxide has a synergistic effect: these composite materials show unique catalytic
activity which is not a simple addition of the characteristics of the separate materials. Synergistic
effects have been demonstrated over Pt/SnO; CO oxidation catalysts [2,3], Ag/MnOy CO oxidation
catalysts [9], Pt/TiO2 [10] and Rh/TiO5 [11] CO hydrogenation catalysts, and for NO reduction
[12] and ethylene hydrogenation [3] catalysts, for example.

There are three general ways in which the two types of components in NMRO composite
materials can interact synergistically:



(a) one component may alter the properties of the other component,

(b) the two components may each provide independent catalytic functions in a complex
reaction mechanism,

(c) unique catalytic sites may be formed through combination of the two components at the
atomic level.

All three of these interactions may be important in low temperature CO oxidation over NMRO
catalysts.

In order to organize the material in this review, the effect of the noble metal on the oxide will
be discussed first, followed by the effect of the oxide on the noble metal, the interaction of the
noble metal and oxide to form unique catalytic sites, and the possible ways in which the CO
oxidation reaction is catalyzed by the NMRO materials.

METAL EFFECT ON OXIDE

Metals dispersed over metal oxides have been shown to catalyze the reduction of the oxide by
CO and Hy: Ru catalyzed reduction of Fe oxide [13], reduction of SnOy catalyzed by various
metals [2,14], Pt catalyzed reduction of various metal oxides [15-17], Pd catalyzed reduction of
various oxides [16], and Rh catalyzed reduction of TiO, [18]. In some cases, interaction with the
noble metal can stabilize reduced oxide species against reoxidation [17]. In other cases, the
reoxidation of the reducible oxide can be catalyzed, for example, Pd catalyzed oxidation of SnO2
[2]. For Hp and O3, at least one function of the metal in catalyzing oxide reduction involves
catalyzing dissociation of the diatomic molecules during their dissociative adsorption. For
adsorbed CO, H, and O on the metal, the oxidation and reduction reactions may occur at the
interface between the metal and the oxide. Defect sites in the oxide located at the metal-oxide
interface may participate in the reaction, for example, oxygen vacancies at the interface between Pt
and ceria [19]. Alternatively, adsorbed CO, H and O may “spillover" from the metal and move out
over the surface of the reducible oxide. Bond, et al. [3,2] proposed that the synergistic
enhancement of CO oxidation over Pd/SnQ3 is due to spillover of both CO and O from the Pd onto
the SnOo, with reoxidation of the support being the slow step in the reaction. Studies of H
spillover include: Pt/SnO2 [20], PYTiO2 [21,22], PYReOx/Al,03 [23], and Rh/Al2O3 [24].

OXIDE EFFECT ON METAL

The effects of the oxide on the metal are more varied. Choice of the metal oxide affects the
dispersion of the reduced metal that can be achieved, for example, for Pd/SnO3 [2] and Ru [25].
The dispersion and distribution of metals between metal particles in bimetallic catalysts can also be
affected by the support, for example, for Rh/Au catalysts [26]. These effects indicate that there can
be significant interactions between the metal and the oxide support.

Except for gold, all of the "noble" metals can be oxidized to some extent under some
conditions - pretreatment conditions if not reaction conditions - even supported Pt [27]. Oxide
supports tend to stabilize the oxidized form of supported noble and base metals against reduction
treatments, for example, for Cu in Cu/ZnO [28-29], Pt on Al,O3 [30], Pt on SnO2 [31], Pd on
SnO, [32], Ni on MgO/SiO3 [33]. Oxidation of large supported metal particles to form an oxide
that "wets" the supporting oxide, followed by re-reduction of the noble metal, can lead to
redistribution of the supported metal, [30]. Under severe oxidizing conditions, compound
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formation can occur between the oxide form of the supported metal and the oxide support,
deactivating the metal [34].

For small, oxide-supported metal particles, the electronic structure of the metal atoms may be
affected by the oxide, affecting the metal's catalytic activity. Doi and coworkers [25,35] found the
electronic structure of Ru atoms in CO hydrogenation to be markedly affected by metal oxide
supports: Ru atoms on basic oxides like MgO and TiO; were electron rich but those on acidic
oxides such as silica-alumina and titania-alumina were electron deficient, affecting the yield of
hydrocarbons. In some cases, different phases of the reducible oxide interact with the noble metal
differently. Wolf and coworkers [36] compared Pt on the rutile and anatase phases of TiO; and
found that CO adsorbed linearly on Pt on anatase and in the bridged mode on Pt on rutile, with the
Pt/rutile being more active for CO oxidation. SnO; was determined to not be a direct catalyst but to
modify supported Pt and Pd in studies of electrochemical oxidation of methanol [37-39].

A major complication in analyzing such evidence of synergistic behavior over NMRO
materials is that the structure and composition of these composite materials can be quite
heterogeneous at the atomic level. This heterogeneity can be caused by a number of mechanisms,
and experimental determination of surface structure and composition at the atomic level is
extraordinarily difficult. Until this stage in the review, one may have inferred that the materials are
composed of metal particles in contact with a reducible oxide support, each component modifying
the other to some extent. This picture is accurate for some materials under some conditions.
However, direct intermixing of various forms of the two components can occur at the atomic level,
especially under reducing conditions. Under reducing conditions, the reducible oxide may be
reduced to the extent that suboxide species can diffuse into the metal or reduced completely such
that the parent metal of the oxide forms a metal alloy with the noble metal. This complexity is a
focus of the rest of this section and the next section.

Oxide or suboxide species can partially or completely cover the surfaces of supported metal
particles, as has been shown for Pt/T iO7 [62]. There are several possible mechanisms for this
"decoration" of supported metal particles by oxide species. One mechanism can be a gradual
growth of the oxide over the surface on the metal particle, or "encapsulation,” that is driven by
interfacial energies [40,41]. Another mechanism involves dissolution of suboxide species in the
metal under reducing conditions, followed by segregation to the surface of the metal under
oxidizing conditions, as Gorte [42] showed for Py/T 102 and PtNb7Os and Tang et al. [43] showed
for PYTiOy. Under severe reducing conditions, the oxide may be reduced to the metal and form an
alloy with the supported noble metal [4]. Under subsequent oxidizing conditions, segregation may
occur to produce oxide species on the surface of the noble metal or redistribute the noble metal over
the surface of the oxide.

Once decoration of the metal with oxide species occurs, the oxide species can affect catalytic
activity by serving as an inert agent that blocks and deactivates sites on the metal or by modifying
the electronic structure and catalytic properties of neighboring noble metal atoms.” White and
coworkers [44,45] found that TiOx on Rh both blocks CO adsorption by covering some Rh sites
and modifies CO adsorption on other Rh sites. In a calorimetric study of CO and H adsorption
over Pt on the anatase phase of TiO;, Herrmann, er al. [46] found that the reduced support
modifies the chemical properties of the surface Pt atoms. Sadeghi and Henrich [47] found
evidence for charge transfer from reduced Ti cations to Rh atoms in Rh/TiOy.

FORMATION OF UNIQUE SITES

Alloy formation between the noble metal and the parent metal of the reducible oxide can form
unique catalytic sites, either through modification of the alloyed noble metal atoms or formation of
sites involving both types of metal atoms. In previous work [4] and at this meeting [159],



Hoflund and coworkers provided evidence for Pt-Sn alloy formation in Pt/SnO; catalysts. Pt-Sn
alloys as well as Sn-aluminates and SnO have been found in P/Sn/A1203 hydrocarbon reforming
catalysts [48]. McCabe and Mitchell [66,67] demonstrated synergistic CO oxidation activity with
Pt-Ag alloys, and Oh and Carpenter [68] did so for Pt-Rh alloys.

Unique catalytic sites may also form at the interface between the noble metal and its oxide
support and between the metal and partial overlayers of oxide or suboxide on the metal. TiOx
overlayers have been proposed to catalyze the dissociation of CO during CO hydrogenation to
methane and higher hydrocarbons for Pt [42,43, 45,47,49-52] and Rh [45,50,53,54]. One model
is that the oxygen end of CO is attracted to the oxide, weakening the bond between the oxygen end
and the carbon end bonded to the metal [8]. The interaction between TiOx overlayers and Pd

catalyzes the formation of methanol during CO hydrogenation [55].

FUNDAMENTAL STUDIES OF NMRO MATERIALS

Because of the complex interactions possible in NMRO materials, interactions which give
them their unique synergistic properties, a wide variety of experimental techniques are required to
analyze the materials and their properties. Surface sensitive techniques, such as those used in
references [31,47,56-58] that can be used to probe the surface composition and structure of the
materials are necessary, in addition to kinetic measurements. Although porous, high-surface-area
catalysts are desired in applications, "model" systems composed of one component distributed over
the flat surface plane of a large single crystal of the other component are often preferable for

fundamental studies [10,42,59-61].

CO OXIDATION AND NMRO CATALYSTS

During oxidation of CO by O, whether in the gas-phase or overa catalyst surface, two basic
steps must occur: dissociation of the Op molecule and formation of an O-CO bond. These two
steps usually occur in separate events. Over the surface of a catalyst, then, Oy must adsorb and
dissociate and CO must adsorb next to and react with an O atom [63].

Over zero-valent noble metals (on inert, nonreducible-oxide supports), CO and O compete
for the same sites on the surface. Low temperature activity is minimal because CO covers the metal
surface and inhibits Oz adsorption. CO dominates the surface because O, adsorption has more
stringent open site requirements since it must dissociate and because Oz adsorption probabilities or
"sticking coefficients" on bare metal surfaces are at least an order of magnitude lower than CcO
sticking coefficients [64,65]. :

Over metal oxide surfaces the picture is more complex. However, low temperature cO
oxidation activity is also minimal over simple oxide surfaces, primarily because of the strong
bonding of oxygen to the surface [63].

NMRO materials such as P/SnO2 are synergistic composite materials with significant low
temperature CO oxidation activity. The limiting steps with conventional catalysts involve oxygen:
competition between 05 and CO adsorption over metal catalysts and removal of oxygen bound to
oxide catalysts. Thus, we can postulate that one or both of these processes arc facilitated over
NMRO catalysts: O adsorption and dissociation is enhanced relative to CO adsorption and/or
oxygen can be removed from the oxide surface relatively easily. Evidence that competition
between CO and O3 is reduced over NMRO materials comes from kinetic studies that show that
CO doesn't inhibit the reaction significantly, as it does over noble metals supported on non-
reducible, inert supports [71,77,78].
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An obvious way that the first process, Oy adsorption and dissociation, can be enhanced

relative to CO adsorption is provision of separate but neighboring sites for the two molecules.

The second process mentioned above is that CO adsorbs on noble metal atoms and then
Temoves oxygen from neighboring regions of reducible oxide. Wolf [36,72] and coworkers
proposed that O transfer from the rutile form of TiO; participates in CO oxidation over PyTiO; as
well as the usual Langmuir-Hinshelwood mechanism over Pt. Jun, et al. [73] found that O
chemisorbed on Ag/SnO, participated in the complete oxidation of ethylene and lowered the
selectivity for ethylene oxide.

Both of the processes just discussed involve reaction at atomic interfaces between the two
components of the composite materials. In either case, the preparation and pretreatment of the
catalyst to obtain intimate contact between the noble metal and the reducible oxide becomes critical.
Further work is required to determine the importance, in determining this atomic or interfacial
contact, of alloy formation between the noble metal and the parent metal of the reducible oxide
(e.g., Pt-Sn alloy formation) and the importance of suboxide species on noble metal surfaces. In
addition to catalyst preparation and activity testing, fundamental studies of the solid state
thermodynamics and kinetics of NMRO materials are required.

A third possibility is that one of the components serves as a reservoir, or "port hole" in the
terminology of Boudart and H. §. Taylor [160], which supplies one of the reactants to the other
component. Bond and coworkers [2,3] proposed that spillover of both CO and O from noble
metal to the oxide is important in low temperature SnOy-based NMRO catalysts. A different

In addition to eliminating competition between CO and Oy by the presence of separate
adsorption sites, O, dissociation may be facilitated over NMRO catalysts. Booker and Keiser [70]
showed that surface hydroxyl groups on Rh/Al,03 can oxidize adsorbed CO to CO3. Croft and

[159]. Hydroxyl groups and protons on the reducible-oxide surface might participate by catalyzing
the dissociation of O,. Finally, the possibility that CO is oxidized over NMRO catalysts by surface
hydroxyl groups, as in the homogeneous reaction mechanism, must also be considered [76].
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Table 1. Gas Sensor Applications
Application Material ] Reference .
CO sensor Pt/SnOy 81-83]

" Pt/TiO2 84]

" Ag/SnOp 85]

" Au/MgO/SnOy [86]

H» sensor Pt/Pd/TiO2 [87]

" Ag/SnOy, Pd/SnOp [88]
Combustible gas Pd/In,03/SnOy [89]
sensor

" Pd/Sb-doped-SnO2 [90]

g Pd/SnO [91]

" Pd/ZnO/SnOp 92

" Pd/(SnO2, In203, [93]

FepO3, MnOg, or

ZnO)
Reducing gas sensor Pt/ZnO [94,95]
Reducing and Pt/SnOz [96]
oxidizing gas sensor
O3 sensor PyZrOn. [97]
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Table 2. CO Oxidation Applications

Application Catalyst Reference
CO + O3 for CO, Pt/SnO, (1,77,98,
laser 99]
" Pd/SnO; [1,2,100]
" (Ptor [101]
Pd)/Cr/(preferably
Mn)/SnO,
" (Pt and/or [102]
Pd)/(optionally Fe,
Ru, Cu, or
Re)/(AlLO3, TiO,,
or MgO)
" (Pt, Pd, Rh, or [103]
Ir)/(A1205 or SnOy)
" Cu/CuO [99]
CO+(y Pt/CeO9/SnO, [104]
g Pt/CeO, [19]
! PyTiO, [36,72]
" Au/(oxide of Fe, [79]
Co, or Ni)
! Ag/MnO) [9]

Table 3. NO Reduction and Three-Way Automotive Applications
Application Catalyst Reference
CO + NO Pd/SnO, [12]

CO + NO PyV205/TiOy [105]
CO+NO & CO+ (Pt, Pd, Rh, or [106]
O Ru)/(Mo, W, or V

oxide)/TiOy
Three-way Pt/Pd/Rh/(various [107-110]
automobile catalysts reducible

oxides)/Al,03

Table 4. Hydrocarbon Complete Oxidation Applications

earth)

Application Catalyst Reference
————— ———— — e Tae———
Catalytic heater Pt/(Sn, Y, or rare- [111]

Pd/Pt/(Ca-
aluminate)/SiOy/
TiO,

[112]




Table 5. Hydrocarbon Partial Oxidation Applications

Application Catalyst Reference
Ethylene oxidation Ag/SnOy 73]
Propylene oxidation Pd/TiO;, Cu/TiOg [113]

" Pt/Ba(Sno.61n0.4)03 [114]

Table 6. CO2 Hydrogenation Applications

phase reaction

Application Catalyst Reference
CO, + Hp, methane Rh/(A1;03, MgO, [121]
formation C, ZrO2, TiOy,
Zn0,A1,O3)
CO, + Hp, Rh/TiOy [122]
unspecified products
Table 7. CO Hydrogenation Applications
Application Catalyst Reference
CO + Ho, (Rh, Pd, or [74, 123]
unspecified products Ru)/TiOy
" RWTiOy 122,124]
" Ru/Fe/TiO2 [125,126]
" Ru/(MgO, TiO, or [35]
ALOYTiIOY)
" Rh/TiOp [53,54]
) Pi/TiOp [127]
CO + Hp, methane PY/(TiO; or Nb2Os) [42]
formation,
" PyTiO 10,43]
" (Rh, Ir, Ru)/TiO2 [128]
CO + Hp, olefin Ru/TiOp [129]
synthesis
CO + Hp, Fischer- Ru/Fe/TiOp, [13]
Tropsch synthesis Fe/TiOy
" Co/Re/TiOn [130]
" Co/Ru/TiOy [131]
" Ru/(Nb, Ta, or V [132]
oxide)/TiOy
CO + H», liquid- Ru/(TiO7 or NbOs) [133]




Table 8. Alcohol Synthesis, Methanol Decomposition Applications

Application Catalyst Reference
CO + Hj, methanol Cuw/ZrOy 1134,135]
synthesis

" Cuw/ZnO [28,29,136,

137,158]
" (Pt, Rh, or Ir)/(MgO [11]
or ZnO)

" Pd/(TiO, or Nd03) [138]
CO + Hp, CH4 and Pd/(TiO2 or SiOy) 55]
methanol synthesis
CO + Hp, alcohol Lap0O3-promoted- [139]
(ethanol) synthesis (Rh or Rh/Pt)/TiO;
Methanol Ni/Si0/MgO [33]

decomposition to

CO + H»

Table 9. Hydrocarbon Reforming and Related Applications
Application Catalyst Reference
Reforming Pt/Sn/AlhO3 [48,140]

" Pt/Ni-sulfide/SnO, [141]
Hydrogenolysis of Ru/(various metal [25]
alkanes oxides)

Isomerization P¥/S-containing- [142,143]
halide/ZrOy

Paraffin Pt/Rh/halide/SnO, [144]

isomerization

Dehydrogenation P/ZnO/SnOy [145]

" Pt/Li/GeOx/SnOy [146]
Dehydrocyclization Pt/Co/SnOy/Al1203 [147]
Hydroprocessing of Pt/Co/Cl/SnO; [148]

aromatics to cyclo-
paraffins




Table 10. Electrochemical and Photochemical Applications

Application Catalyst Reference
Methanol electro- (Pt or Pd)/SnO; [37,38,39]
oxidation
Fuel cell (air Pt/SnO [39,149,150,151]
electrode)
" Pt/Sb-promoted- [56,152]
SnOyp
O3 & Clj evolution (Pt, Pd, or [153)
Ru)/SnOy
Photocatalytic lignin (Pt, Ag, or Au)/TiO2 [154]
oxidation
Electrosynthesis of Pt/SbrOs/Sn0O2 [155]
peroxides
Photoassisted Hp CdS/S10, plus [156]
production Pt/(TiOy, ZnO,
Sn0Oy, or WO3)
Photography Ag/Pd/TiOy [157]
Table 11. Miscellaneous Applications
Application Catalyst Reference
Vinyl acetate Pd/Aw/SnO» [115]
production
Alcohol Pd/V,05/TiOy (116]
oxycarbonylation
CO + Hy0, light Rh/NbsOs [117]
olefin synthesis
CO + HpO, water Cu/ZnO [118]
gas shift
Electroless Pd/SnOy [119]
deposition of
Pd/SnOy for
electroplating
CO chemisorption Os/ThOyp [120]
Unknown reaction Rh/Au/(Si02, TiO2, 26]

or Al,O3)

31



32

O e JIE Ne i

10.
11.

12.

13.

14.

15.

16.

17.

18.

REFERENCES

. Stark, D. S.; Harris, M. R., "Catalyzed recombination of carbon monoxide and oxygen in

sealed carbon dioxide TEA laser gases at temperatures down to —27 degree," J. Phys. E,
16(6), 492-6 (1983)

. Bond, G. C,; Fuller, M. J.; Molloy, L. R., "Oxidation of carbon monoxide catalyzed by

palladium on tin(IV) oxide: an example of spillover catalysis,” Proc. Int. Congr. Catal.,
6th, Meeting Date 1976, Volume 1, 356-64. Edited by: Bond, G. C.; Wells, P. B.;
Tompkins, F. C. Chem. Soc.: Letchworth, Engl. (1977)

. Bond, G. C; Molloy, L. R,; Fuller, M. J., "Oxidation of carbon monoxide over palladium-

tin(IV) oxide catalysts. Example of spillover catalysis," J. Chem. Soc., Chem.
Commun., (19), 796-7 (1975)

. Gardner, S. D.; Hoflund, G. B.; Davidson, M. R.; Schryer, D. R., "Evidence of alloy

formation during reduction of platinized tin oxide surfaces," J. Catal., 115(1), 132-7
(1989)

. Croft, G.; Fuller, M. J., "Water-promoted oxidation of carbon monoxide over tin(IV)

oxide-supported palladium,” Nature (London), 269(5629), 585-6 (1977)

. Tauster, S. J.; Fung, S. C,; Garten, R. L., J. Am. Chem. Soc. 100, 170 (1978)
. Tauster, S. J.; Fung, S. C,, J. Catal. 55, 29 (1978)
. Vannice, M. A,, "Strong metal-support interactions,” NASA Conf. Publ., 2456 (Closed-

Cycle, Freq.-Stable CO; Laser Technol.), 121-140 (1987)

. Imamura, S.; Sawada, H.; Uemura, K.; Ishida, S., "Oxidation of carbon monoxide

catalyzed by manganese-silver composite oxides," J. Catal. 109, 198-205 (1988)

Demmin, R. A.; Gorte, R. J., "Study of methanation kinetics on a clean and a titania-
covered platinum foil,” J. Catal., 105(2), 373-85 (1987)

Ichikawa, M., "Catalysis by supported metal crystallites from carbonyl clusters. 1. Catalytic
methanol synthesis under mild conditions over supported rhodium, platinum, and iridium
crystallites prepared from rhodium, platinum, and iridium carbonyl cluster compounds
deposited on zinc oxide and magnesium oxide,” Bull. Chem. Soc. Jpn., 51(8), 2268-72
(1978)

Fuller, M. J.; Warwick, M. E., "Catalysis of the nitric oxide-carbon monoxide reaction: a
further example of synergism in the palladium-stannic oxide system," Chem. Ind.
(London), (18), 787-8 (1976)

Van der Kraan, A. M.; Nonnekens, R. C. H.; Stoop, F.; Niemantsverdriet, J. W.,
"Characterization of iron-ruthenium/titanium dioxide and iron/titanium dioxide catalysts
after reduction and Fischer-Tropsch synthesis by Moessbauer spectroscopy,” Appl.
Catal., 27(2), 285-98 (1986)

Frety, R.; Charcosset, H.; Trambouze, Y., "Tin dioxide reduction by hydrogen. Influence
of the deposition of certain active species on the reaction kinetics,” Ind. Chim. Belge,
38(5), 501-5 (1973)

Frety, R.; Bolivar, C.; Charcosset, H.; Tournayan, L.; Trambouze, Y., "Catalytic effect of
platinum (or of platinum group metals) on the hydrogen reduction of various metal
oxides," React. Kinet. Heterogeneous Chem. Syst., Proc. Int. Meet. Soc. Chim. Phys.,
25th, Meeting Date 1974, 681-90. Edited by: Barret, Pierre. Elsevier: Amsterdam, Neth.
(1975)

Verhoeven, W.; Delmon, B., "Heterogeneous reactions. Reduction of metal oxides by
hydrogen. I. Initiation of the reduction by the incorporation of a metal phase," Bull.
Soc. Chim. Fr., (10), 3065-73 (1966)

Tang, S.; Xiong, G.; Wang, H., "Metal-support interaction on the model platinum-titanium
oxide Pt-TiOp, Pt-TipO3 and Pt-TiO cosputtering film-type catalysts. II. AES and XPS
studies,” Cuihua Xuebao, 8(3), 234-41 (1987)

Levin, M. E.; Salmeron, M.; Bell, A. T.; Somorjai, G. A., "The characterization of titanium
and aluminum oxide overlayers on rhodium and gold by XPS," Surf. Sci., 195(3), 429-
42 (1988)



19.
20.

21.
22.
23.
24.
25.
26.
27.
28.

29.
30.
31.
32.
33.
34.

. Doi, Y.; Miyake, H.; Soga, K., "Electronic effects of carbon monoxide hydrogenation over

36.

37.
38.

39.
40.

41.

Jin, T.; Mains, G. J.; White, J. M., J. Phys. Chem.,, 91, 3311-3315 (1987)

Rao, L.; Chen, Y.; Li, W, "Study of metal-semiconductor catalyst: hydrogen spillover on
platinum/tin dioxide at room temperature,” Wuli Huaxue Xuebao, 3(6), 626-31 (1987)
Beck, D. D.; Bawagan, A. O.; White, J. M,, "Spillover of Deuterium on Pt/TiO2. 2.

Sequential Hp-D2 exposure and effects of oxygen," J. Phys. Chem. 88,2771 (1984)

Beck, D. D.; White, J. M,, "Spillover of Deuterium on Py/TiO2. 1. Dependence on
Temperature, Pressure, and Exposure,” J. Phys. Chem. 88, 2764 (1984)

Augustine S. M.; Sachtler, W. M. H., "On the mechanism for the platinum-catalyzed
reduction of rhenium in Pt-Re/gamma-Al203," . Catal. 116, 184-194 (1989)

Crucq, A., Lienard, G., Degols, L., and Frennet, A., "Hydrogen adsorption on Rh," Appl.
Surf. Sci. 17, 79 (1983).

Miyake, H.; Doi, Y.; Soga, K., "Electronic effects in ruthenium/metal oxide catalysts on
several hydrogenations," Shokubai, 29(6), 450-3 (1987)

Nunez, G. M.; Rouco, A. J, "Support effects on metal-metal interaction in rhodium-gold
bimetallic catalysts,” J. Catal., 111(1), 41-9 (1988)

Herz, R. K.; Shinouskis, E. J., "Transient oxidation and reduction of alumina-supported
platinum," Applic. Surf. Sci. 19, 373-397 (1984)

Parris, G. E.; Klier, K., "The specific copper surface areas in copper/zinc oxide methanol
synthesis catalysts by oxygen and carbon monoxide chemisorption: evidence for
irreversible carbon monoxide chemisorption induced by the interaction of the catalyst
components,” J. Catal,, 97(2), 374-84 (1986)

Campbell, C. T,; Daube, K. A.; White, J. M, "Copper/zinc oxide(0001) and zinc
oxide/copper(111): model catalysts for methanol synthesis," Surf. Sci., 182(3), 458-76
(1987)

Yao, H. C.; M. Sieg, H. K. Plummer, J. Catal. 59, 365-374 (1979)

Cox, David F.; Hoflund, Gar B.; Laitinen, Herbert A., "XPS investigation of tin oxide
supported platinum,” Langmuir, 1(3), 269-73 (1985)

Harrison, P. G.; Maunders, B. M., "Tin oxide surfaces. Part 12. A comparison of the
nature of tin(IV) oxide, tin(IV) oxide-silica, and tin(IV) oxide-palladium oxide: surface
hydroxyl groups and ammonia adsorption,” J. Chem. Soc., Faraday Trans. 1, 80(6),
1341-56 (1984)

Akiyoshi, M.; Hattori, H.; Tanabe, K., "Catalytic activities of supported transition metals
for decomposition of methanol to carbon monoxide and hydrogen,” Sekiyu Gakkaishi,
30(3), 156-60 (1987)

Yao, H. C; S. Japar, M. Shelef, J. Catal. 50, 407-418 (1977)

ruthenium-metal oxide catalysts," J. Chem. Soc., Chem. Commun., (5), 347-8 (1987)

Lane, G. S.; Wolf, E. E,, "Characterization and Fourier transform infrared studies of the
effects of titania crystal phases during carbon monoxide oxidation on platinum/titania
catalysts," J. Catal., 105(2), 386-404 (1987)

Hughes, V. B McNicol, B. D., "Evaluation of semiconducting tin oxide as an
electrocatalyst support,” J. Chem. Soc., Faraday Trans. 1, 75(9), 2165-76 (1979)

Katayama-Aramata, A.; Toyoshima, L, "Palladium + tin oxide catalyst for electrooxidation
of methanol and its chemical characterization by x-ray photoelectron spectroscopy,” J.
Electroanal. Chem. Interfacial Electrochem., 135(1), 111-19 (1982)

Katayama, A., "Electrooxidation of methanol on a platinum-tin oxide catalyst,” J. Phys.
Chem., 84(4), 376-81 (1980)

Spencer, M. S., "Equilibrium and kinetic aspects of strong metal-support interactions
(SMSI) in platinum/titanium dioxide and other catalysts," Prepr. - Am. Chem. Soc., Div.
Pet. Chem., 30(1), 157-61 (1985)

Vishwanathan, V.; Narayanan, S.; Viswanathan, B., "Effect of reduction on strong metal
support interaction (SMSI) behavior of rhodium-titanium dioxide system,” Indian J.
Chem., Sect. A, 26A(8), 686-8 (1987)

33



34

42.
43.
44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.

55.

56.

58.
59.

60.

Gorte, R. J., "Support-metal interaction studies on model supported catalysts," Report,
DOE/MC/19204-1769; Order No. DE86009187, 57 pp. Avail. NTIS From: Energy Res.
Abstr. 1986, 11(12), Abstr. No. 26824 (1985)

Tang, S.; Xiong, G.; Wang, H., "The nature of the strong metal-support interaction state of
the platinum/titania system," J. Catal., 111(1), 136-45 (1988)

Belton, D. N.; Sun, Y. M.; White, J. M., "Chemisorption of carbon monoxide, nitrous
oxide, and hydrogen on transition metal-titania thin film model catalysts," Report, Order
No. AD-A172728/8/GAR, 27 pp. Avail. NTIS From: Gov. Rep. Announce. Index (U.
S.) 1987, 87(2), Abstr. No. 702,147 (1986)

Belton, D. N.; Sun, Y. M.; White, J. M., "Chemisorption of carbon monoxide, nitric
oxide, and hydrogen on transition metal-titania thin film model catalysts," J. Catal.,
102(2), 338-47 (1986)

Herrmann, J. M.; Gravelle-Rumeau-Maillot, M_; Gravelle, P. C., "A microcalorimetric
study of metal-support interaction in the platinum/titania system," J. Catal., 104(1), 136-
46 (1987)

Sadeghi, H. R.; Henrich, V. E., "Electronic interactions in the rhodium/titania system," J.
Catal., 109(1), 1-11 (1988)

Li, Y.; Xia, Y., "A study of the valence state of tin in platinum-tin/eta-alumina reforming
catalysts,” Shandong Haiyang Xueyuan Xuebao, 1, 77-86 (1982)

Woo, S. I, "Interactions of thodium carbonyl compounds supported on inorganic oxides
with carbon monoxide, hydrogen, and propylene,” Korean J. Chem. Eng., 4(2), 170-81
(1987)

Belton, D. N.; Sun, Y. M.; White, J. M., "Chemisorption of carbon monoxide, nitrous
oxide, and hydrogen on transition metal-titania thin film model catalysts," Report, Order
No. AD-A172728/8/GAR, 27 pp. Avail. NTIS From: Gov. Rep. Announce. Index (U.
S.) 1987, 87(2), Abstr. No. 702,147 (1986)

Ocal, C.; Ferrer, S., "A new carbon monoxide adsorption state on thermally treated
platinum/titania model catalysts," Surf. Sci., 178(1-3), 850-5 (1986)

Anderson, A. B.; Dowd, D. Q., "Carbon monoxide adsorption on platinum(111) doped
with titanium oxide (TiO), iron oxide (FeO), zinc oxide, and iron and platinum ad-atoms.
Molecular orbital study of carbon monoxide-dopant interactions," J. Phys. Chem.,
91(4), 869-73 (1987)

Levin, M. E.; Salmeron, Mi.; Bell, A. T; Somorjai, G. A., "The effects of titania and
alumina overlayers on the hydrogenation of carbon monoxide over rhodium," J. Chem.
Soc., Faraday Trans. 1, 83(7), 2061-9 (1987)

Levin, M. E.; Salmeron, M.; Bell, A. T; Somorjai, G. A., "The enhancement of carbon
monoxide hydrogenation on rhodium by titanium oxide (TiOx) overlayers," J. Catal.,
106(2), 401-9 (1987)

Rucker, T. G., "The effect of additives on the reactivity of palladium surfaces for the
chemisorption and hydrogenation of carbon monoxide: a surface science and catalytic
study,” Report, LBL-23804; Order No. DE87014685, 195 pp. Avail. NTIS From:
Energy Res. Abstr. 1987, 12(23), Abstr. No. 47990 (1987)

Hoflund, G. B., "Preparation and properties of platinum crystallites supported on
polycrystalline tin oxide, "Stud. Surf. Sci. Catal., 16(Prep. Catal. 3), 91-100 (1983)

- Hoflund, G. B., "A review of tin oxide-based catalytic systems: preparation,

characterization and catalytic behavior,”" NASA Conf. Publ,, 2456 (Closed-Cycle, Freq.-
Stable CO, Laser Technol.), 179-92 (1987)

Asbury, D. A.; G. B. Hoflund, "A surface study of the oxidation of polycrystalline tin," J.
Vac. Sci. and Technol. A 5, 1132 (1987)

Jacobs, H.; Mokwa, W.; Kohl, D.; Heiland, G., "Characterization of the growth
mechanisms of thin palladium layers in dioxide: structure and reactivity of a
supported palladium catalyst," Fresenius' Z. Anal. Chem., 319(6-7), 634 (1984)

Cox, D. F., et al., "Surface properties of clean and gas-dosed SnO2(110)," J. Vac. Sci. and
Technol. A 5, 1170 (1987)



61.

62.
63.
64.
65.

66.

67.

68.

69.
70.

71.
72.

73.
74.

75.

76.

77.

78.

Badyal, J. P. S.; Gellman, A. J.; Judd, R. W.; Lambert, R. M., "Single crystal modeling of
the SMSI phenomenon: structure, composition, electronic effects, and carbon monoxide
chemisorption at the ruthenium(0001)/titanium oxide (TiOx) interface,” Catal. Lett., 1(1-
3), 41-50 (1988)

Hoflund, G. B.; Grogan, A. L., Jr.; Asbury, D. A, "An ISS, AES, and ESCA study of the
oxidative and reductive properties of platinized titania," J. Catal. 109, 226-31 (1988)

Herz, R. K., "Chemical engineering design of CO oxidation catalysts,” NASA Conf. Publ,,
2456(Closed-Cycle, Freq.-Stable CO7 Laser Technol.), 103-12 (1987)

Herz R. K.; Marin, S. P., "Surface chemistry models of carbon monoxide oxidation on
supported platinum catalysts," J. Catal. 65, 281-296 (1980)

Boecker, D.; Gonzalez, R. D., "CO oxidation studies over supported noble metal catalysts
and single crystals: a review," NASA Conf. Publ., 2456(Closed-Cycle, Freq.-Stable
CO» Laser Technol.), 85-102 (1987)

McCabe, R. W., "Alumina-supported Pd-Ag catalysts for low-temperature CO and
methanol oxidation," NASA Conf. Publ., 2456(Closed-Cycle, Freq.-Stable CO; Laser
Technol.), 165-78 (1987)

McCabe, R. W.; Mitchell, P. J., "Exhaust-catalyst development for methanol-fueled
vehicles. 2. Synergisni bet'veen palladium and silver in methanol and carbon monoxide
oxidation over an alumina-supported palladium-silver catalyst,"” J. Catal., 103(2), 419-25
(1987)

Oh, S. H.; Carpenter, J. E., "Platinum-rhodium synergism in three-way automotive
catalysts," J. Catal. 98, 178-190 (1986)

Mulcahy, M. F. R., "Gas Kinetics," John Wiley and Sons, New York (1973)

C. P. Booker and J. T. Keiser, "The reduction of Rh*3 on supported rhodium surfaces by
CO," J. Phys. Chem, in press (1989)

Oh, S. H.; Eickel, C. C., "Effects of cerium addition on <a:t-... monoxide oxidation kinetics
over alumina-supported rhodium catalysts,” J. Catal., 112{Z), 7 *3- 55 11088)

Lane, G. S.; Wolf, E. E.; "Characterization and Fourier Transform !:ifrarci! studies of the
effects of TiO7 crystal phases during CO oxidation on Pt/TiO7 catalysis,” .. *.ital. 105,
386 (1987)

Jun, K. W,; Han, C. S.; Chon, H., "Oxidation of ethylene over silver/alpha-aluminum
oxide and silver/stannic oxide," Tachan Hwahakhoe Chi, 28(2), 109-13 (1984)

Munoz, A.; Gonzalez-Elipe, A. R.; Munuera, G.; Espinos, J. P.; Rives-Arnau, V., "IR and
XPS studies of the reactivity of carbon monoxide with titanium-hydrogen species at the
support on rhodium/titanium dioxide catalysts," Spectrochem. Acta, Part A, 43A(12),
1599-605 (1987)

Chinchen, G. C.; Spencer, M. S.; Waugh, K.C.; Whan, D. A., "Promotion of methanol
synthesis and the water-gas shift reactions by adsorbed oxygen on supported copper
catalysts,” J. Chem. Soc., Faraday Trans. 1, 83(7), 2193-212 (1987)

Schryer, D. R., B. T. Upchurch, R. V. Hess, G. M. Wood (NASA Langley Research
Center), B. D. Sidney, I. M. Miller (Science and Technology Corporation), K. G.
Brown, J. D. Van Norman, J. Schryer, D. R. Brown (Old Dominion Univ.), G. B.
Hoflund (Univ. Florida), and R. K. Herz (Univ. California, San Diego), "Pt/SnO;-
Based CO-Oxidation Catalysts for Long-Life Closed-Cycle CO7 Lasers," This volume
(1990).

Miller, I. M.; Wood, G. M.; Schryer, D. R.; Hess, R. V.; Upchurch, B. T.; Brown, K.
G., "Optimization of the catalytic oxidation of carbon monoxide for closed-cycle carbon
dioxide laser applications,” NASA Tech. Memo., NASA-TM-86421, NAS1.15:86421,
12 pp. Avail. NTIS From: Sci. Tech. Aerosp. Rep. 1985, 23(15), Abstr. No. N85-
25445 (1985)

Choo, K. Y.; Kim, H.; Boo, B., "Catalytic oxidation of carbon monoxide on platinum and
tin(IV) oxide,” Taehan Hwahakhoe Chi, 24(3), 183-92 (1980)

35



79.

80.
81.

82.
83.
84.
85.
86.
87.
88.
89.

90.
91.
92.
93.
94.

95.

96.

97.
98.

99.

100.

101.

36

Haruta, M.; T. Kobayashi, H. Sano, N. Yamada, Chem. Lett. (Japan) 1987, pp. 405-408
(1987)

Huber, H.; D. Mclntosh; G. A. Ozin, Inorg. Chem. 16, 975 (1977).

Lee, D. D.; Sohn, B. K,; Ma, D. S., "Low power thick film carbon monoxide gas
sensors,” Sens. Actuators, 12(4), 441-7 (1987)

Matsushima, S.; Miura, N.; Yamazoe, N., "Carbon monoxide sensitive platinum/tin dioxide
diode type gas sensor,” Chem. Lett., (10), 2001-4 (1987)

Senda, T.; Okayama, Y., "Apparatus for the detection of carbon monoxide," Ger. Offen.
DE 2437352, 13 Feb 1975, 19 pp. (1975)

Fujioka, T., "Gas sensors," Jpn. Kokai Tokkyo Koho JP 63/81255 A2 [88/81255], 12 Apr
1988, 7 pp. (1988)

Otsuki, H.; Kobayashi, M.; Usami, Y., "Carbon monoxide detector,” Jpn. Kokai Tokkyo
Koho JP 62/47547 A2 [87/47547], 2 Mar 1987, 4 pp. (1987)

Kobayashi, T.; Haruta, M.; Sano, H., "Gold-supporting tin oxide for selective carbon
monoxide sensing," Chem. Express, 4(4), 217-20 (1989)

Matsumoto, Y.; Hombo, J.; Yoshikawa, T.; Sato, E., "Hydrogen sensitivity of platinum-
palladium/p-calcium ferrite diode,” Mater. Res. Bull., 24(3), 331-42 (1989)

Yamazoe, N.; Kurokawa, Y.; Seiyama, T., "Catalytic sensitization of tin dioxide sensor,"
Anal. Chem. Symp. Ser., 17(Chem. Sens.), 35-40 (1983)

Yoo, K. S,; Jung, H. J,, "Gas-sensing characteristics of semiconducting materials based on
indium sesquioxide depending on composition changes," Sens. Actuators, 12(3), 285-90
(1987)

Yannopoulos, L. N., "Antimony-doped stannic oxide-based thick-film gas sensors," Sens.
Actuators, 12(1), 77-89 (1987)

Wada, K.; Yamazoe, N.; Seiyama, T., "Effects of palladium addition in tin(IV) oxide gas
sensor,” Nippon Kagaku Kaishi, (10), 1597-602 (1980)

Matsumoto, T.; Nishioka, K., "Sensitivity characteristics of a gas sensor using zinc oxide
and tin(IV) oxide," A&R, 17(3), 97-104 (1979)

Sato, T.; Shiota, T., "Metal oxide gas sensor elements," Japan. Kokai JP 51/137494
[76/137494], 27 Nov 1976, 6 pp. (1976)

Saito, S.; Miyayama, M.; Koumoto, K.; Yanagida, H., "Gas sensing characteristics of
porous zinc oxide and platinium/zinc oxide ceramics," J. Am. Ceram. Soc., 68(1), 40-3
(1985)

Yanagida, H.; Koumoto, K.; Miyayama, M.; Saito, S., "Gas sensing characteristics of
porous zinc oxide ceramics with and without platinum catalyst,” Anal. Chem. Symp.
Ser., 17(Chem. Sens.), 95-100 (1983)

Micheli, A. L.; Chang, S. C.; Hicks, D. B., "Tin oxide gas-sensing microsensors from
metalloorganic deposited (MOD) thin films,” Ceram. Eng. Sci. Proc., 8(9-10), 1095-105
(1987)

Badwal, S. P. S.; Ciacchi, F. T.; Haylock, J. W., "Nernstian behavior of zirconia oxygen
sensors incorporating composite electrodes,” J. Appl. Electrochem., 18(2), 232-9 (1988)

Sidney, B. D., "Studies of long-life pulsed carbon dioxide laser with platinum/tin dioxide
catalyst,” NASA Conf. Publ., 2456(Closed-Cycle, Freq.-Stable CO7 Laser Technol.),
211-18 (1987)

Rogowski, R. S.; Miller, I. M.; Wood, G.; Schryer, D. R.; Hess, R. V.; Upchurch, B. T.,
"Evaluation of catalyst for closed cycle operation of high energy pulsed carbon dioxide
lasers,” Proc. SPIE-Int. Soc. Opt. Eng., 415(Coherent Infrared Radar Syst. Appl. 2),
112-17 (1983)

Stark, D. S.; Crocker, A.; Steward, G. J., "A sealed 100-Hz carbon dioxide TEA laser
using high carbon dioxide concentrations and ambient-temperature catalysts,” J. Phys. E,
16(2), 158-61 (1983)

Kolts, J. H., Phillips Petroleum Co., "Catalyst for oxidation of carbon monoxide
particularly in lasers," Eur. Pat. Appl. EP 311084 A1, 12 Apr 1989, 11 pp. Designated
States: AT, BE, CH, DE, ES, FR, GB, GR, IT, LI, LU, NL, SE (1989)



102.
103.
104.
105.
106.

107.

108.
109.

110.

111.
112.

113.

114.

115.
116.

117.

118.

119.

120.

121.
122.

Phillips Petroleum Co., "Carbon Monoxide Oxidation Catalysts,” U. S. Patent 4,808,394,
European Appls. 306,944-45A (1989)

Hughes Aircraft Co., "Catalysts for Carbon Dioxide Regeneration in Lasers,” World Patent
Appl. 103 (1989)

Wang, D.; Wang, S.; Ma, L., Activity of tin dioxide-supported rare earth oxide catalysts for
carbon monoxide oxidation," Beijing Gongye Daxue Xuebao, 14(3), 33-9 (1988)

Wei, Z.; Li, W., "Catalytic behavior of platinum-vanadium pentoxide/titanium dioxide
catalyst in carbon monoxide + nitric oxide reaction,” Huanjing Kexue, 9(2), 7-11 (1988)

Kato, A.; Yamashita, H.; Kawagoe, H.; Tate, T.; Watanabe, N.; Matsuda, S., "Method for
simultaneous removal of nitrogen oxides and carbon monoxide," Jpn. Kokai Tokkyo
Koho JP 61/291026 A2 [86/291026], 20 Dec 1986, 6 pp. (1986)

Gandhi, H. S.; Shelef, M., "The role of research in the development of new generation
automotive catalysts,” in "Catalysis and automotive pollution control,” A. Frucq and A.
Frennet (Eds.), Studies in Surf. Sci. Catal. 30, pp. 199-214 Elsevier (1987)

Taylor, K. C., "Automobile catalytic converters," Springer-Verlag, Berlin (1984)

Cooper, B. J.; Evans, W. D. J; Harrison, B., "Aspects of automotive catalyst preparation,
performance and durability," in "Catalysis and automotive pollution control,” A. Frucq
and A. Frennet (Eds.), Studies in Surf. Sci. Catal. 30, pp. 117-141 Elsevier (1987)

Herz, R. K.; Shinouskis, E. J., "Dynamic Behavior of automotive catalysts. 4. Impact of
air/fuel ratio excursions during driving," Ind. Eng. Chem. Res. Devel. 24, 385-390
(1985)

Anon., "Catalyst bed for flameless heaters,” Res. Discl., 153, 15-16 (1977)

Nishino, A.: Ono, Y.; Numoto, H.; Takeuchi, Y., "Studies on carbon monoxide oxidizing
performance of molded catalyst composed of calcium aluminate-metal oxides. I1I. Carbon
monoxide oxidation on platinum-palladium catalysts supported on calcium aluminate-
silicon dioxide-titanium dioxide molds," Nippon Kagaku Kaishi, (4), 645-53 (1987)

Kaji, T.; Oono, H.; Nakahara, T.; Yamazoe, N.; Seiyama, T, "Fixation of palladium(II)
and copper(II) complexes on the surface of tin(IV) oxide powders and their catalytic
activity for propene oxidation," Nippon Kagaku Kaishi, (7), 1088-93 (1980)

Herrmann, J. M.; Foujols, D.; Forissier, M.; Rosa-Nunes, M.,"Catalytic activity in propene
oxidation of pure and platinum-doped tin-indium mixed perovskites,” Actas Simp.
Iberoam. Catal., 9th, Volume 2, 1573-4. Soc. Iberoam. Catal.: Lisbon, Port. (1984)

Capp, C. W., "Vinyl acetate,” Fr. FR 1566124, 2 May 1969, 5 pp. (1969)

Gaffney, A. M.; Leonard, J. J.; Sofranko, J. A.; Sun, H. N., "Heterogeneous catalyst for
alcohol oxycarbonylation to dialkyl oxalates,” Prepr. - Am. Chem. Soc., Div. Pet.
Chem., 32(1), 247-51 (1987)

Iizuka, T.; Inoue, T.; Tanabe, K., "Synthesis of light olefins from carbon monoxide and
water over supported rhodium catalysts,” React. Kinet. Catal. Lett., 33(2), 249-52
(1987)

Bybell, D. G.; Deutsch, P. P.; Herman, R. G.; Himelfarb, P. B.; Nunan, J. G.; Young, C.
W.; Bogdan, C. E.; Simmons, G. W.; Klier, K., "Promotion by cesium(I) and
poisoning by thallium(I) of the copper/zinc oxide catalysts for methanol synthesis and the
water-gas shift reaction,” Prepr. - Am. Chem. Soc., Div. Pet. Chem., 31(1), 282-90
(1986)

Sharp, D. J., "Photoselective metal deposition,” Plating, 58(8), 786-90 (1971)

O'Young, Chi Lin; Katzer, James R., "Infrared studies of carbon monoxide chemisorption
on a highly dispersed supported osmium catalyst,” J. Phys. Chem., 91(23), 6013-16
(1987)

Jozwiak, W. K., "Effect of a support on the adsorptive-catalytic properties of deposited
rhodium," Zesz. Nauk. - Politech. Lodz., Chem., (No. 41), 104-19 (1987)

Worley, S. D.; Dai, C. H., "Effect of potassium on the hydrogenation of carbon monoxide
and carbon dioxide over supported rhodium catalysts,” Report, AU-TR-9; Order No.
AD-A171553/1/GAR, 24 pp. Avail. NTIS From: Gov. Rep. Announce. Index (U. S.)
1986, 86(26), Abstr. No. 656,411 (1986)

37



38

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.
136.

137.

138.
139.

Mochida, I.; Ikeyama, N.; Fujitsu, H., "Catalytic activities for carbon monoxide-hydrogen
reaction and CO activation over noble metal catalysts supported on titanium dioxide,"
Nippon Kagaku Kaishi, (12), 2248-54 (1987)

Dai, C. H.; Worley, S. D., "Effects of potassium on carbon monoxide methanation over
supported rhodium films, "Report, AU-TR-8; Order No. AD-A171535/8/GAR, 17 pp.
Avail. NTIS From: Gov. Rep. Announce. Index (U. S.) 1986, 86(26), Abstr. No.
656,409 (1986)

Berry, F. J.; Lin, Liwu; Du, H.; Liang, D.; Tang, R.; Wang, C.; Zhang, S., "An in situ
Moessbauer spectroscopic investigation of titania-supported iron-ruthenium catalysts," J.
Chem. Soc., Faraday Trans. 1, 83(8), 2573-83 (1987)

Lin, L.; Berry, F. J.; Du, H.; Liang, D.; Tang, R.; Wang, C.; Zhang, S, "Titania
supported iron-ruthenium catalysts for Fischer-Tropsch synthesis,” Stud. Surf. Sci.
Catal., 31(Prep. Catal. 4), 467-77 (1987)

Demmin, R. A., "The methanation kinetics of model platinum catalysts,” 179 pp. Avail.
Univ. Microfilms Int., Order No. DA8703195 From: Diss. Abstr. Int. B 1987, 47(10),
4233 (1986)

Mori, T.; Taniguchi, S.; Mori, Y.; Hattori, T.; Murakami, Y., "Absence of high
methanation activity of titania-supported rhodium, ruthenium and iridium catalysts in their
strong metal-support interaction state,” J. Chem. Soc., Chem. Commun., (18), 1401-2
(1987)

Tkachenko, O. P.; Shpiro, E. S.; Gruenert, W.; Beilin, L. A.; Minachev, Kh. M,
"Selective synthesis of lower olefins from carbon monoxide and hydrogen over a
ruthenium-titanium dioxide-catalyst,” Izv. Akad. Nauk SSSR, Ser. Khim., (10), 2390
(1987)

Behrmann, W. C.; Mauldin, C. H.; Arcuri, K. B.; Herskowitz, M., "Surface-supported
particulate metal compound catalysts, their preparation and their use in hydrocarbon
synthesis reactions," Eur. Pat. Appl. EP 266898 A2, 11 May 1988, 26 pp. Designated
States: DE, FR, GB, IT, NL, SE (1988)

Iglesia, E.; Soled, S. L.; Fiato, R. A., "Cobalt-ruthenium catalysts for Fischer-Tropsch
synthesis and process for their preparation,” U.S. US 4738948 A, 19 Apr 1988, 10 pp.
(1988)

Wachs, 1. E.; Yang, D. B., "Catalysts comprising ruthenium on titania surface modified
with group VA oxide of vanadium, niobium or tantalum," U.S. US 4711871 A, 8 Dec
1987, 6 pp. Cont.-in-part of U.S. Ser. No. 626,457, abandoned. (1987)

Fujimoto, K.; Kajioka, M., "Hydrogenation of carbon monoxide over solid catalysts
dispersed in liquid medium. I. Slurry-phase Fischer-Tropsch synthesis with supported
ruthenium catalysts,” Bull. Chem. Soc. Jpn., 60(6), 2237-43 (1987)

Denise, B.; Sneeden, R. P. A., "Oxide-supported copper catalysts prepared from copper
formate: differences in behavior in methanol synthesis from carbon monoxide/hydrogen
and carbon dioxide/hydrogen mixtures," Appl. Catal., 28(1-2), 235-9 (1986)

Amenomiya, Y., "Methanol synthesis from carbon dioxide + hydrogen. II. Copper-based
binary and ternary catalysts," Appl. Catal., 30(1), 57-68 (1987)

Vedage, G. A.; Pitchai, R.; Herman, R. G,; Klier, K., "Water promotion and identification
of intermediates in methanol synthesis,” Int. Congr. Catal., [Proc.], 8th, Meeting Date
1984, Volume 2, 1147-1158. Verlag Chemie: Weinheim, Fed. Rep. Ger. (1985)

Nunan, J.; Klier, K.; Young, C.-W.; Himelfarb, P. B.; Herman, R. G., "Promotion of
methanol synthesis over copper/zinc oxide catalysts by doping with cesium,” J. Chem.
Soc., Chem. Commun., (3), 193-5 (1986)

Berube, M. N.; Sung, B.; Vannice, M. A., "Sulfur poisoning of supported palladium
methanol synthesis catalysts,” Appl. Catal., 31(1), 133-57 (1987)

Bond, G. C.; Richards, D. G., "Lanthanum oxide promoted rhodium/titania and rhodium-
platinumytitania catalysts for alcohol formation from synthesis gas," Appl. Catal., 28(1-
2), 303-19 (1986) ‘



140

141.

142.

143.

144.

145.

146.
147.

148.
149.

150.

151.
152.

153.
154.

155.

156.

157.

158.

. V. L. Kuznetsov, et al., "Mossbauer spectroscopic and chemical analysis of the composition
of Sn-containing components of Pt-Sn/Al203(Cl) reforming catalyst,” J. Catalysis 99,
159-170 (1986)

Adams, F. H.; Knapik, H. P. G., "Hydrocarbon conversion with a selectively sulfided
acidic multimetallic catalytic composite,” U.S. US 4107083, 15 Aug 1978, 12 pp.
(1978)

Baba, S.; Kawamura, T.; Takaoka, H.; Kimura, T.; Minato, Y.; lida, K.; Imai, T,
"Isomerization of hydrocarbons,” Jpn. Kokai Tokkyo Koho JP 61/280440 A2
[86/280440], 11 Dec 1986, 10 pp. (1986)

Baba, S.; Kawamura, T.; Takaoka, H.; Kimura, T.; Minato, Y.; lida, K ; Imai, T.,
"Isomerization of hydrocarbons Jpn. Kokai Tokkyo Koho JP 61/280440 A2
[86/280440], 11 Dec 1986, 10 pp. (1986)

Rausch, R. E., "Paraffin isomerization with a catalytic composite of platinum or palladium
metal, thodium metal, tin oxide, halogen, and alumina carrier,” U.S. US 3992476, 16
Nov 1976, 10 pp. Continuation of U.S. 3,898,154. (1976)

Box, E. O., Jr., "Dehydrogenation catalysts comprising Group VIII metals on tin-
containing supports,” Phillips Petroleum Co., U.S. US 3692701, 19 Sep 1972, 4 pp.
(1972)

Hayes, J. C., "Multicomponent composite dehydrogenation catalyst," Japan. JP 53/22560
[78/22560], 10 Jul 1978, 4 pp. (1978)

Pollitzer, E. L.; Hayes, J. C., "Dehydrocyclization with an acidic multimetallic catalytic
composite,” U.S. US 4046828, 6 Sep 1977, 12 pp. Cont.-in-part of U.S. 3,960,710.
(1977)

Pollitzer, E. L.; Hayes, J. C., "Hydroprocessing aromatics to make cycloparaffins,” U.S.
US 3992464, 16 Nov 1976, 15 pp. Continuation of U.S. 3,960,710. (1976)

Takei, Tatsuko; Laitinen, H. A., "Mechanistic aspects of cathodic oxygen reduction in
alkaline solution on platinum-coated tin(IV) oxide/silicon electrode,” Surf. Technol,,
15(3), 239-54 (1982)

Watanabe, M.; Venkatesan, S.; Laitinen, H. A., "Preparation of dispersed platinum on
conductive tin oxide and its catalytic acivity for oxygen reduction," J. Electrochem. Soc.,
130(1), 59-64 (1983)

Laitinen, H. A., "Catalyzed air electrodes,” Report, UCRL-15320, 22 pp. Avail. NTIS
From: Energy Res. Abstr. 1981, 6(8), Abstr. No. 11346 (1980)

Tseung, A. C. C., "Inhibition of sintering in supported fuel cell catalysis,” Spec. Rep.
EPRI SR - Electr. Power Res. Inst. (Palo Alto, Calif.), EPRI SR-13, Conf. Proc.: Fuel
Cell Catal. Workshop, 23-5 (1975)

Iwakura, C.; Inai, M.; Tamura, H., "Foreign metal-doped tin(IV) oxide film anodes for
oxygen and chlorine evolution," Chem. Lett., (3), 225-8 (1979)

Ohnishi, H.; Matsumura, M.; Tsubomura, H.; Iwasaki. M., "Bleaching of lignin solution
by a photocatalyzed reaction on semiconductor photocatalysts,” Ind. Eng. Chem. Res.,
28(6), 719-24 (1989)

Kiselev, E. Yu.; Kondrikov, N. B.; Shub, D. M.; Reznik, M. F.; Eliseenko, L. G.,
"Electrode for electrochemical processes and method of producing it,” U.S.S.R. SU
1333717 A1, 30 Aug 1987 From: Otkrytiya, Izobret. 1987, (32), 97 (1987)

Sobczynski, A.; Bard, A. J.; Campion, A.; Fox, M. A.; Mallouk, T.; Webber, S. E;
White, J. M., "Photoassisted hydrogen generation: platinum and cadmium sulfide
supported on separate particles,” J. Phys. Chem., 91(12), 3316-20 (1987)

Ragoisha, G. A.; Kisel, L. F.; Sokolov, V. G.; Sviridov, V. V., "Bistability effect of a
titanium dioxide/silver!*/palladium?* system in the presence of hypophosphite ions,"
Dokl. Akad. Nauk BSSR, 30(7), 635-7 (1986)

Bart, J. C. J.; Sneeden, R. P. A.., "Copper-zinc oxide-alumina methanol catalysts
revisited,"” Catal. Today, 2(1), 1-124 (1987)

39



40

159. Drawdy, G. E.; Hoflund, G. B.; Gardner, S. D.; Yngvadottir, E.; Schryer, D. R., "Effect
of Pretreatment on a Platinized Tin Oxide Catalyst Used for Low-Temperature CO
Oxidation," This volume (1990).

160. Boudart, M., paper presented to the North American Meeting of the Catalysis Society, San
Diego, California, May 18-22, 1987

161. Cox, D. F.; Hoflund, G. B.; Laitinen, H. A., "A study of the dehydration of tin oxide
surface layers," Applic. Surf. Sci. 20, 30-38 (1984)



